Abstract
Introduction
More than 80 licensed plants of alcohol industry operates in Ukraine at present time, [1] . They are able to process 900 000 tons of grain per year and obtain 32 millions decalitres of alcohol. Their annual demand of beet molasses is 1.1 million tons, 30 millions decalitres of alcohol are produced from this feedstock. During the alcohol manufacture, a large amount of liquid wastes, such as grain distillery, is produced. These wastes are characterized by high chemical oxygen demand (COD), biological oxygen demand (BOD) and dark brown color [2] . In order to reduce ecological risks, processing of grain distillery is necessary. Baromembrane separation is the most commonly used technique for this purpose [3] [4] [5] [6] [7] . Permeate is returned to the fermentation process increasing ethanol yield [8] . This product could be also applied to extraction of proteins [9] . Concentrate is dried and used further as supplements to food for domestic animals [10] and even for production of bread and cookies [11] .
Very important problem of baromembrane separation is fouling of polymer membranes with organic species [12] . Modification of the membrane with inorganic constituent allows us to overcome this difficulty [13, 14] . Hydrophilic inorganic particles inside pores of the membrane are a barrier against fouling with organics [14] . Moreover, in the case of synthetic ion exchangers [15] [16] [17] , ion exchange membranes [18] or fibrous biomaterials [19] , this approach allows us not only to protect them from organic species, but also to improve functional properties [15] [16] [17] [18] [19] .
The method of polymer modification with hydrated zirconium phosphate (ZHP), functional properties of the membrane and its testing for practical application were considered earlier [14] . Regarding the application to baromembrane processing of grain distillery, further enhancement of the membrane is impossible without knowledge of fouling mechanism. Establishment of this mechanism is a purpose of the investigation.
Materials and methods
Polyethyleneterephthalate track membrane produced by A.V. Shubnikov Institute of Crystallography of the RAS (RF) was used for the investigations. Through pores of this porous polymer are regular and rather straight [14] . The membrane was modified with ZHP (4.7 mass %) as described in [14] .
Both the pristine (further PM) and composite (CM) membranes were tested. A divided cell was used for baromembrane separation (effective area of the membrane was 2.1·10 -3 m 2 ), the stack elements are listed in [14] . Deionized water and corn distillery (pH 4.1, total solids − 73 g dm -3 , COD − 64) was used for investigations. The biological liquid was centrifuged and filtered through the paper filter.
Preliminarily the membranes were pressed (at 1 bar and further at 3 bar) in deionized water at 25 °C , then the same procedure was performed at 60 °C. After the pressure test, water was filtered through the membranes again at 1 bar and 60 °C. Then the cell was filled with corn distillery, which circulated through the concentration compartment without filtration for 1 h at 60 °C. Further deionized water was filtered at 1 bar and 60 °C. After this, corn distillery was filtered at 1 bar and 60 °C, than water was filtered again. The next procedure was filtration of corn distillery at 3 bar and 60 °C followed by water filtration at at 1 bar and 60 °C . At last, corn distillery was filtered at 4 bar and 60 °C.
Results and discussion

Pressure test
For example, Figure 1 shows cumulative volume (V) of permeate (deionized water) through the PM and CM as a function of time (). As seen, increasing in pressure drop (P) causes intensification of water transport in accordance to Darcy equation [20] :
Here J is the flux (
, where A is the membrane area),  is the dynamic viscosity of a liquid, R m is the hydrodynamic resistance of a membrane. The modified membrane is less sensitive to pressure than the pristine separator. As shown in [14] , aggregates of ZHP particles block macropores (about 300 nm) of the polymer increasing hydrodynamic resistance. Similar phenomenon has been found for ceramic membrane containing incorporated particles of inorganic ion-exchangers [21, 22] . In the case of modified membranes, the inorganic particles can be considered as contaminants. According to known theory of fouling, the fouling mechanism is pore blockage (primary particles or their aggregates are comparable with pores of polymer), if the J − V curve is linear [21] . Pore constriction (deposition of particles on pore walls) is The last assumption is confirmed by Figure 3 , which illustrates water flux for different stages of water filtration. CM shows more rapid decrease of water flux than PM during water filtration at 1 and 3 bar (60 °C), though the inorganic particles should prevent deformation of the polymer. In the case of PM, decrease of the J value is due to polymer deformation. After the pressure test, both the pristine and composite membranes show lower flux of water due to transformation of porous structure on the one hand and lower temperature on the other hand. No sufficient change of the flux has been found after adsorption of corn distillery. 
Filtration of corn distillery
In opposite to PM, the flux of permeate through CM remains without changes (CM, 1 bar) indicating stability of the composite membrane against fouling. In the other cases, the flux decreases over time. This values reduces slower for CM than for PM at 3 bar. Alternatively CM shows faster decrease of the flux at 4 bar probably due to stronger pressing of the, which occurs simultaneously with filtration. On the other hand, fragmentation of ZHP aggregates can be reinforced under these conditions. Regarding CM, the initial flux obeys Darcy law ( Figure 5) . However, the final one demonstrates a maximum at 3 bar. Both the initial and final flux fall with pressure in the case of PM evidently due to fouling. No sufficient change of water flux has been found after filtration of corn distillery (see Figure 3) .
The model of pore blockage can be applied to all membranes, since approximation of the curves with linear polynomial gives the same correlation coefficient as for quadratic polynomial (Table 1 , see also Figure 4 ). In the case of pristine membrane, increasing in pressure drop enchances the tendency to pore constriction and cake formation. Three these mechanisms are valid simultaneously at 4 bar. Regarding CM, only pore blockage and cake formation are realized under these conditions. Since no sufficient change of water flux after filtration, the "corks" of organics occupy insignificant volume of pores of the polymer. Regarding CM, organics can block pores between ZHP nanoparticles of the aggregates.
Conclusions
ZHP affects permeability of the track membrane. During pressure test under elevated temperature, the flux of deionized water can be caused by not only transformation of porous structure of the polymer, but also by fragmentation of the modifier aggregates. This phenomenon is not observed under room temperature. The inorganic ion-exchanger allows us to improve stability against fouling with components of corn distillery: pore constriction is not realized for CM in opposite to PM. Moreover, no fouling has been found at 60 °C and 1 bar. In order to prevent blockage under higher pressure and facilitate the membrane cleaning, location of ZHP particles just near the outer surface is necessary. The improvement of the modification technique is a subject of further investigations.
Increasing in pressure leads to intensification of cake formation. However, the precipitate can be easy removed from the outer surface of the membrane by means of hydrodynamic pulsations.
Due to stability against fouling, organic-inorganic membranes can be applied to other objects of food industry, especially under room and lower temperatures.
